Obesity is associated with an increased incidence of infection, diabetes, and cardiovascular disease, which together account for most obesity-related morbidity and mortality. Decreased expression of leptin or of functional leptin receptors results in hyperphagia, decreased energy expenditure, and obesity. It is unclear, however, whether defective leptin-dependent signal transduction directly promotes any of the conditions that frequently complicate obesity. Abnormalities in tumor necrosis factor a expression have been noted in each of the above comorbid conditions, so leptin deficiency could promote these complications if leptin had immunoregulatory activity. Studies of rodents with genetic abnormalities in leptin or leptin receptors revealed obesity-related deficits in macrophage phagocytosis and the expression of proinflammatory cytokines both in vivo and in vitro. Exogenous leptin up-regulated both phagocytosis and the production of proinflammatory cytokines. These results identify an important and novel function for leptin: up-regulation of inflammatory immune responses, which may provide a common pathogenetic mechanism that contributes to several of the major complications of obesity. 
LEPTIN, THE PROTEIN ENCODED by the ob gene, is known to regulate appetite and energy expenditure. Obese/obese (ob/ob) mice, homozygous for a spontaneous mutation in the ob gene, fail to produce leptin and exhibit hyperphagia and obesity. Treatment of such mice with recombinant leptin results in decreased food intake and weight loss (1) (2) (3) . It is not known whether leptin deficiency per se explains other aspects of the ob/ob phenotype, such as diabetes and hyperlipidemia. Recently, ectopic expression of tumor necrosis factor alpha (TNF-a) 2 was documented in adipose tissues of obese rodents and humans (4, 5) and implicated in the pathogenesis of both disorders (6) . Diabetes and hyperlipidemia are thought to be primary factors in obesity-associated morbidity and mortality because they are associated with an increased susceptibility to infections and vascular disease (7) (8) (9) .
We recently reported that ob/ob mice exhibit increased sensitivity to endotoxin-induced liver injury and lethality, identifying a potential link between leptin deficiency and the dysregulated expression of endotoxin-inducible cytokines (10) . Since these cytokines are known to regulate tissue sensitivity to insulin (11) as well as lipid metabolism (12, 13) , it is conceivable that leptin deficiency promotes diabetes and hyperlipidemia by causing dysfunction of the immune system. Macrophages are important sources of cytokine generation in response to endotoxin stimulation (14, 15) . To test the hypothesis that leptin itself might be an immune modulator, macrophages isolated from ob/ob mice and their lean, heterozygous (?/ob) littermates were evaluated with respect to macrophage phagocytic function and cytokine production before and after lipopolysaccharide stimulation in the presence and absence of recombinant leptin. To determine whether the effects of leptin were mediated directly by the leptin receptor, parallel studies were undertaken with macrophages from db/db mice (which lack functional leptin receptors) (16, 17) and their lean, heterozygous (?/db) littermates. The physiological relevance of the in vitro findings was evaluated by comparing the relative abilities of obese and lean rodents to phagocytose and kill circulating 51 Cr, 125 I-labeled Escherichia coli and to produce proinflammatory cytokines when challenged with lipopolysaccharide (LPS). These studies demonstrate impaired phagocytosis and abnormal cytokine gene expression in these genetically obese animals, indicating that leptin regulates macrophage function, and suggest that defective leptin-dependent signaling could well contribute to obesity-re-
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EXPERIMENTAL PROCEDURES Materials
Human recombinant leptin was a generous gift from Amgen (Thousand Oaks, Calif.). To evaluate the purity of the recombinant protein, endotoxin levels were assessed by using a limulus lysate assay with a sensitivity of 12 pg/ml (Endogen, Cambridge, Mass. (18) . TNF-a, interleukin 6 (IL-6), and IL-10 protein concentrations were measured by commercially available enzyme-linked immunosorbant assays (ELISAs) with a sensitivity of 50, 50, and 37 pg/ml, respectively (Endogen). IL-12 p40 and p70 protein levels were measured by radioimmunoassays (RIAs) with a sensitivity of 30 and 10 pg/ml, respectively, as previously described (19) .
In vitro phagocytosis assays
All mice and rats were purchased from the Jackson Laboratory (West Grove, Pa.). All animal experiments followed National Institutes of Health and Johns Hopkins Institutional guidelines, which ensure humane use of animal subjects. Obese (ob/ob, db/db) C57Bl/6 mice and their lean, heterozygous (?/ob, ?/db) littermates were injected i.p. with thioglycollate. Four days later, peritoneal macrophages or bone marrow were harvested as described previously (20) . Macrophages were pooled separately from three ob/ob, three db/db, three ?/ ob, and three db/db mice. Cells were harvested from a second and third series of mice to perform replicate experiments. Freshly isolated peritoneal macrophages were cultured at a density of 0.5 1 10 6 cells/ml on plastic dishes in RPMI-1640 with 10% fetal bovine serum and 10 mM Hepes in the presence or absence of leptin (total volume 10 ml, final concentration 500 ng/ml) or vehicle (sterile water, total volume 10 ml) for 16 h. Half of the leptin-treated cultures and half of the control cultures were treated with LPS (1 mg/ml) 90 min before harvest. The remaining cultures were treated with an equal volume of vehicle (sterile water). Bone marrow (1110 6 cells/ml) was initially cultured for 5 days in 10% L cell-conditioned medium containing low glucose Dulbecco's modified Eagle medium, 10% heat-inactivated fetal bovine serum, Lglutamine (2 mM), penicillin (100 U/ml), and streptomycin (100 mg/ml) to enrich the population for macrophages (20) . Day 6 cultures of bone marrow-derived macrophages were treated with vehicle, LPS, and leptin as described above.
To test the phagocytic function of the cultured peritoneal and bone marrow macrophages, duplicate cultures were incubated with Candida parasilopsis and stained with acridine orange/crystal violet (21) . Phagocytic activity (i.e., the percentage of cells that had phagocytosed Candida) and indices of phagocytosis and intracellular killing were calculated as previously described (22) . The phagocytic index has been defined as the average number of intracellular Candida in each phagocytically active macrophage. The candicidal index was determined in the same macrophages by counting the number of dead (orange) intracellular Candida and expressing this number as a percentage of the total number of intracellular Candida (orange and green). Mean phagocytic activity, phagocytic index, and candicidal index were calculated for each of the three separate experiments by counting at least 500 macrophages per treatment group/experiment; results were averaged and evaluated by analyssis of variance (ANOVA).
Cytokine assays in cultured macrophages
To determine whether leptin promoted basal or LPS-stimulated cytokine production, ELISAs for TNF-a, IL-6, and IL-10 and RIAs for IL-12 p40 and p70 were performed on supernatants of stimulated macrophages. For these experiments, thioglycollate-elicited peritoneal macrophages were harvested from four separate groups (nÅ4 mice/group) of normal C57Bl/6 mice. Macrophages were cultured in the presence of medium alone, LPS (1 mg/ml), leptin (500 ng/ ml), or LPS / leptin. After 24 h, medium was harvested and concentrations of each cytokine were assayed in quadruplicate. Treatment-related differences were evaluated by the paired Student's t test.
To begin to evaluate the mechanism underlying the observed enhancement of LPS-induced cytokine production by leptin, total RNA was isolated from ob/ob, ?/ob, and normal C57BL-6 macrophages according to the method of Chomczynski and Sacchi (23) . The RNA was separated by agarose gel electrophoresis under denaturing conditions and transferred to nylon membranes. Blots were incubated with radiolabeled murine TNF-a cDNAs, washed under stringent conditions, and exposed to film. To ensure that equivalent amounts of RNA (20 mg/lane) were present in each treatment group, variations in 18S RNA expression were evaulated on gels and membranes that had been stained with ethydium bromide. In addition, after hybridization with TNF-a cDNAS, all blots were striped and reprobed with cDNAs for GAPDH, a constitutively expressed gene (10) .
Evaluation of macrophage function in vivo

In vivo phagocytic function
The phagocytic function of macrophages within intact ob/ob, ?/ob mice, and normal C57BL-6 mice (nÅ6/group/experiment) was evaluated in two separate experiments by measuring the clearance and subsequent killing of intravenously administered 51 Cr, I
125 -labeled E. coli as described (22) . Each mouse received an average of 8 1 10 3 cpm in 10 8 bacteria suspended in 300 ml sterile saline via an indwelling internal jugular vein canula. Ninety minutes after injection of bacteria, the mice were killed and the liver, spleen, and blood were harvested. The tissue-specific radioactivity of each isotope was determined as described below and results were evaluated by ANOVA.
Previous studies (22) have indicated that virtually all of the intravenously injected E. coli are cleared by the reticuloendothelial system (85{5% by the liver, lung, and spleen) within 6 min and that, thereafter, tissue 51 Cr radioactivity remains constant for 6 h. The percent of E. coli that are cleared has been found by quantitative culture to be equal to the ( 51 Cr activity in an organ/ 51 Cr activity injected) 1 100. Quantitative culture of tissue homogenates has also shown that the magnitude of subsequent bacterial killing in an organ is directly proportional to the loss of 125 I activity from that organ. Thus, at any given time, the difference between the accumulated / 381c 0006 Mp 59 Tuesday Nov 25 11:05 AM LP-FASEB 0006 percent of 125 I activity in an organ and the percent of 51 Cr activity in that organ represents that fraction of E. coli that have been killed within that organ. The percent of cleared E. coli that have been killed is calculated by the following equation: {( 51 Cr activity in an organ/ 51
Cr activity injected) 0 ( 125 I activity in the organ/ 125 I activity injected) divided by ( 51 Cr activity in the organ/ 51 Cr activity injected)} 1 100.
Cytokine production in vivo
To further assess the effect of leptin-dependent signaling on proinflammatory cytokine production, intact obese ob/ob mice and fa/fa rats and their respective lean (?/fa rats and ?/ ob mice) littermates (nÅ20/group) were injected i.p. with LPS. Each obese mouse (weighing approximately 60 g each) and lean mouse (which weighedõ25 g each) received the same dose (10 mg) of LPS. To assure that differences in the cytokine response to LPS were not due to differences in body weight or to something other than leptin deficiency, additional experiments were performed with leptin-resistant fa/fa rats (which weighed about 600 g each) and their leptin-responsive ?/fa littermates (weighing approximately 250 g each), both of which received a dose of LPS that had been normalized for differences in body weight (0.5 mg/g body weight). In both experiments, animals were killed at several different time points (0, 0.5, 1, or 6 h) after LPS injection, and serum concentrations of TNF-a and IL-6 were measured as described above. Mean data from four animals per group/ time point were compared by ANOVA.
RESULTS
Phagocytic function in ob/ob and db/db macrophages
Macrophage phagocytic functions were evaluated in vitro using macrophages isolated from the peritoneal cavity and bone marrow of ob/ob mice, db/db mice, and their lean (?/ob, ?/db) littermates. Macrophages were incubated with C. parasilopsis to determine the proportion that were phagocytically active (Fig. 1A) .
As assessed by this protocol, peritoneal macrophages and bone marrow-derived macrophages exhibited similar phagocytic activities. As shown in Fig. 1B , 20-25% of the macrophages that had been isolated from ?/ob and ?/db mice were phagocytically active compared to fewer than 15% of the macrophages from ob/ob and db/db mice (Põ0.03 for each lean group vs. its respective group of obese littermates). Treatment with human recombinant leptin at a dose of 500 ng/ml for 2 h increased the number of phagocytically active cells, so that 40-50% of the macrophages isolated from ?/ob, ob/ob, and ?/db mice contained Candida (Põ0.001 (0) vs. (/) leptin in both groups). As noted by others (24), we found that treatment with leptin also increased the phagocytic activity of macrophages harvested from normal C57Bl/6 mice (from 50% to almost 80%). Consistent with a direct, leptin-mediated effect on macrophage phagocytosis, leptin failed to improve phagocytosis in macrophages from db/db mice (which are known to have defective leptin receptors). Thus, leptin modulated the proportion of macrophages that phagocytosed Candida in vitro via a mechanism that requires its interaction with functional leptin receptors. Phagocytically active macrophages from ?/ob, ?/ db, and ob/ob mice ingested, on average, a similar number of Candida/cell and exhibited similar baseline candicidal activities. Compared to candicidal activities of 30% in macrophages isolated from each of these groups, db/db phagocytic cells killed fewer than 10% of intracellular Candida (Põ0.04). Thus, although the number of Candida inside each phagocytically active db/db macrophage was similar to that observed in ob/ob, ?/ob, and ?/db macrophages, db/db macrophages appeared to be less capable of killing ingested Candida. Treatment with recombinant leptin did not consistently increase the phagocytic index or the candicidal activity in any group.
The effect of leptin on cytokine release by macrophages
Given evidence that leptin influences macrophage phagocytic function, we evaluated the effect of leptin on the expression of some monokines. Thioglycollate-elicited peritoneal macrophages from healthy C57Bl/6 mice released no detectable TNF-a, IL-6, IL-12, or IL-10 either spontaneously or after stimulation with leptin alone (data not shown). Leptin prestimulation led to a significant increase in the LPS-stimulated production of TNF-a, IL-6, and IL-12 from such macrophages (Fig. 2) . The production of IL-1b and IL-10 were unaltered by leptin pretreatment (data not shown).
The effect of leptin on cytokine gene expression in macrophages
Northern blot analysis was performed to determine whether leptin could regulate cytokine gene expression. Thioglycollate-elicited peritoneal macrophages from ob/ob, ?/ob mice, and normal C57BL-6 mice were treated overnight with sterile saline or leptin (500 ng/ml) and harvested 90 min after treatment with LPS (1 mg/ml). Total RNA was isolated, separated by electrophoresis on denaturing gels, transferred to nylon membranes, and hybridized with a cDNA probe for murine TNF-a (Fig. 3) . Under these conditions, neither the macrophages from obese mice nor those from lean mice expressed TNF-a until stimulated with LPS. Leptin alone failed to induce TNF-a mRNA expression. Expression of TNF-a mRNA was not consistently different in cells cultured with both LPS and leptin from that of cells cultured in the presence of LPS alone. Phagocytic function of macrophages from lean (?/ob, ?/db) and obese (ob/ob, db/db) mice. Thioglycollate-elicited peritoneal macrophages were isolated, plated on plastic dishes overnight in medium with or without leptin (500 ng/ml), and then incubated for 2 h with Candida parasilopsis. Staining with acridine orange/crystal violet was performed to reveal live (green) and dead (orange) intracellular microorganisms so that differences in the proportion of phagocytically active cells (phagocytic activity), the number of intracellular Candida/phagocytically active cell (phagocytic index), and the ability of individual phagocytically active cells to kill ingested Candida (candicidal activity) could be evaluated (A). B) Phagocytic activity of duplicate cultures differed in the absence (open bars) and presence (hatched bars) of leptin (500 ng/ml). Results shown illustrate the means { standard errors of three separate experiments, each of which evaluated duplicate cultures of macrophages pooled from the three mice in each of the different obese and lean groups. *P õ 0.03 for each obese group vs. its respective lean control group. **P õ 0.001 for each group when compared to the same group treated with leptin. Figure 2 . Cytokine production by cultured peritoneal macrophages. Thioglycollate-elicited macrophages were isolated from wildtype C57Bl/6 mice. To evaluate production of proinflammatory cytokines, macrophages were cultured in the presence of medium alone, LPS (1 mg/ml), leptin (500 ng/ml), or LPS / leptin. After 24 h, medium was harvested and cytokine protein concentrations were measured in the medium by ELISA (for TNF-a and IL-6) or RIA (for IL-12 p40 and p70). Means and standard errors of quadruplicate assays from four different experiments are shown. Results were evaluated by the paired Student's t test. *P õ 0.042, **P õ 0.007, / P õ 0.036, // P õ 0.001. None of these cytokines were detected in the medium of peritoneal macrophages cultured in the presence of vehicle or leptin alone (data not shown).
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Figure 3. TNF-a mRNA expression in peritoneal macrophages. Thioglycollate-elicited peritoneal macrophages of ob/ ob, ?/ob and normal C57BL-6 mice were cultured for 16 h in the absence (0) or presence (/) of leptin (Lp) (final concentration 500 ng/ml). LPS (1 mg/ml) was added to half of the Lp-negative cultures (/LPS) and half of the Lp-positive cultures (/LPS/Lp) 90 min before harvest. Total RNA was isolated and TNF-a mRNA expression was evaluated by Northern blot analysis. To ensure that similar amounts (20 mg) of RNA were in each lane, the constitutively expressed genes, 18S RNA and GAPDH, were also evaluated on the same blots. Northern blot experiments were repeated twice using input RNA from different groups of mice. Macrophages from obese and lean mice always exhibited similar responses to LPS and Lp. A representative Northern blot demonstrating cytokine gene expression in ob/ob macrophages.
Phagocytic function of ob/ob and ?/ob mice in vivo
We evaluated whether or not the changes in macrophage function in vitro were associated with changes in macrophage function in vivo. Clearance of intravenously administered 51 Cr,
125
I-labeled E. coli provides a good estimation of the phagocytic function of the reticuloendothelial (RE) system. Previous studies in normal mice and rats indicate that over 90% of intravenously injected bacteria are cleared from the circulation within 6 min by the liver, lung, and spleen, and that these bacteria then remain trapped in these RE organs for at least 6 h (21, 22). The liver clears approximately 80% of the injected bacteria, and quantitative culture of liver tissues has indicated that phagocytic killing can be tracked by measuring decline in liver 125 I activity. These studies found that 80% of the cleared bacteria are phagocytosed and killed within 90 min in normal mice (22) .
This experimental protocol was used to evaluate RE system function in ob/ob and ?/ob mice. Results are summarized in Table 1 . The net hepatic clearance of intravenously injected E. coli was similar in obese mice and their lean littermates 90 min postinjection. At this time point, almost 80% of the injected bacteria had been trapped within the liver in each group of mice. However, the livers of obese mice weighed about 2.5-fold more than those of their lean littermates and contained about twice as much total RNA (13.7{3 in ob/ob group vs. 7.4{0.4 mg RNA/ liver in ?/ob group). Previous Northern blot analyses indicated that expression of Pu-1/mg hepatic RNA is similar in obese and lean animals (10) . Since Pu-1 is specifically expressed in monocytes and macrophages, this suggests that the ob/ob mice have a larger number of hepatic macrophages than ?/ob mice. To take into account the obesity-associated differences in the total number of hepatic macrophages, 51 Cr clearance results were normalized per gram of liver weight, and it became apparent that the hepatic clearance of E. coli bacteremia was significantly less efficient in the obese group than in the lean controls. More important, obese mice killed a significantly smaller fraction of the bacteria that had been cleared by the liver. Indeed, differences in this hepatic killing efficiency between obese and lean mice were apparent even without normalizing the data to control for intergroup differences in liver weight. Taken together, these observations suggest that RE system phagocytic function is impaired in ob/ob mice.
LPS-induced cytokine production in rats with defective leptin receptors
To determine whether other aspects of macrophage function may be abnormal in genetically obese animals, the in vivo cytokine response to LPS was compared in fa/fa rats, ob/ob mice, and their lean (?/fa and ?/ob) littermates. Obese and lean animals were injected i.p. with LPS and killed at various time points to obtain sera for cytokine measurements. As shown in Fig. 4 , LPS induction of TNF-a and IL-6 was significantly attenuated in the obese animals compared to their lean littermates. Obesity was associated with a decreased production of cytokines regardless of whether or not the LPS dose was normalized for differences in body weight. Thus, fa/fa rats, which express abnormally few leptin receptors on plasma membranes (25) , and ob/ob mice, which lack leptin (3), both exhibit a suboptimal cytokine response when challenged with LPS. Results of these in vivo studies complement our in vitro data, which indicate that leptin-dependent signals enhance macrophage synthesis of proinflammatory cytokines in response to LPS.
DISCUSSION
Obese patients have an increased incidence of infection, insulin resistance, hyperlipidemia, and atherosclerotic cardiovascular disease (7) (8) (9) . Genetically obese rodent strains that fail to express either the adipocyte hormone leptin or its functional transmembrane receptor have been reported to have an increased incidence of similar problems (1-3, 16, 17, 25, 26) . Although both short and long (transmembrane) forms of the leptin receptor are widely distributed in the body (24) , the entire spectrum of physiological roles of leptin remains poorly under-LOFFREDA ET AL. a Mice were killed 90 min after i.v. injection of radiolabeled E. coli. The hepatic clearance of the bacteria (a measure of trapping / phagocytosis) and the phagocytic killing of cleared bacteria were determined as detailed in the Methods and Results. Results shown are means { SE of six mice/group. These findings were confirmed in a second experiment. studies (A, B) , both obese and lean mice received the same dose (10 mg/mouse) LPS. In the rat studies (C, D), the LPS dose was normalized for differences in body weight (0.5 mg/g body weight). Animals (nÅ5/ group) were killed at various time points (0, 0.5, 1, or 6 h) after LPS treatment. Serum concentrations of TNF-a and IL-6 were measured by commercially available ELISA kits, using either murine or rat recombinant cytokines as standards. Data are displayed as the mean { standard error of the cytokine concentration at each time point. These results were evaluated by ANOVA. *P õ 0.05 vs. the control group, **P õ 0.001 vs. the control group in a second experiment. stood. Because leptin was initially identified as an important negative regulator of appetite (1), it is not surprising that leptin interactions with its receptors in the hypothalamus have been characterized most extensively. More recently, leptin has been implicated in female sexual maturation (27, 28) , but no evidence has yet been uncovered that explains why defective leptin-dependent signal transduction is so frequently associated with diabetes or heart disease.
Because diabetes itself is an important cause of morbidity, and may also contribute to obesity-associated infections and vascular disease, considerable / 381c 0006 Mp 63 Tuesday Nov 25 11:05 AM LP-FASEB 0006 effort has been directed toward clarifying the pathogenesis of insulin resistance in obesity. Several groups have found increased expression of the proinflammatory cytokine TNF-a in the white adipose tissues of obese mice, rats (4), and humans (5). TNF-a has also been shown to inhibit insulin-dependent phosphorylation of IRS-1 (11) . Thus, it has been suggested that obesity-related increases in TNF-a production by adipose tissue underlie the insulin-resistance that accompanies obesity (6, 11) . However, the mechanisms driving the increased adipose expression of TNF-a in obesity remain obscure.
In healthy, lean individuals, adipose tissue has not been identified as a major source of TNF-a. Tissue macrophages and circulating monocytes are the major producers of this cytokine; these cells are capable of synthesizing large amounts of TNF-a when exposed to gut-derived endotoxin or bacterial lipopolysaccharide (14, 29) . Consistent with these observations, conditions (such as sepsis) that lead to endotoxemia are accompanied by increased circulating levels of TNF-a (12, 13) . Moreover, insulin resistance and anorexia are also commonly associated with endotoxic states, and there is recent evidence that treatment with lipopolysaccharide increases adipose tissue production of leptin in rodents (30) . However, whereas endotoxin-inducible cytokines are known to function as important modulators of the immune response to invading microorganisms (29, 31, 32) , the possibility that leptin itself may have immunoregulatory actions has not heretofore been formally investigated. Some published information does support this concept. For example, leptin receptors have recently been identified on macrophages, and recombinant leptin has been found to induce production of M-CSF by cultured macrophages (24) . Moreover, the long form of the leptin receptor resembles the gp130 family of cytokine receptors (33) , and leptin is known to activate Janus kinases and certain signal transducers and activators of transcription, downstream components in the signaling pathways of several proinflammatory cytokines (34) .
By finding that leptin-deficient ob/ob mice cannot clear and kill circulating E. coli as efficiently as normal mice, our studies suggest that these genetically obese mice have an impaired immune system. The possibility that leptin-dependent signals regulate immune function is also supported by our observation that Zucker fa/fa rats, an obese and diabetic strain with deficient leptin receptors (25, 26) , have suboptimal production of proinflammatory cytokines when challenged with LPS. Two other recent reports also suggest that fa/fa rats may have immune dysfunction. Plotkin and co-workers (35) noted that logarithmically fewer Candida albicans were required to establish tissue colonization in obese Zucker rats than in their lean littermates, and that the organs of obese rats had a 10-fold greater yeast/gram organ burden than did lean rats. We found decreased uptake of intravenously administered fluorescent microspheres by hepatic macrophages in obese Zucker rats, documented abnormalities in their macrophage gene expression, and noted that these animals were more susceptible to the lethal and hepatotoxic actions of endotoxin (10) . Thus, results obtained in different strains of genetically obese rodents with defects at different sites in the leptin-dependent signaling pathway support the hypothesis that leptin regulates the immune system. However, since both ob/ob mice and fa/fa rats are diabetic, these in vivo studies could not exclude the possibility that leptin deficiency may cause immune dysfunction indirectly by promoting obesity-related diabetes or some other systemic dysfunction.
Our analysis of macrophage phagocytic functions in vitro addresses this issue directly. Results indicate that macrophages from ob/ob mice (which lack leptin) and db/db mice (which have dysfunctional leptin receptors) have an impaired ability to phagocytose and kill Candida. Recombinant leptin restores phagocytic function in cells from ob/ob mice, but not from db/db mice, indicating that leptin appears to regulate macrophage phagocytosis via mechanisms that require direct interaction with its receptor. The evidence that leptin can also increase phagocytic activity in macrophages isolated from lean, nondiabetic mice complements similar results reported by Gainsford et al. (24) and suggests that the phagocytic defect in ob/ob and db/db mice is a direct result of leptin deficiency rather than secondary to obesity-related diabetes. Immunodeficiency has also been suggested as a complication of obesity in normoglycemic humans based on evidence that mitogen-induced blastogenesis is decreased in peripheral blood lymphocytes isolated from obese, nondiabetic subjects (36) .
It is tempting to speculate that decreased macrophage phagocytic activity in obesity may result in increased exposure of peripheral adipocytes to gut-derived bacterial products that are normally cleared from the portal circulation by phagocytic cells that reside in the liver. The escape of bacterial endotoxin into the systemic circulation could trigger ectopic production of endotoxin-inducible proinflammatory cytokines in adipose tissue and explain previous observations that obesity increases TNF-a expression in peripheral fat (11) . Variability in the basal exposure of hepatic macrophages to gut-derived products could also account for the relatively wide range of ''baseline'' serum TNF-a concentrations that have been reported in seemingly healthy obese rodents and humans. Because increased adipose tissue expression of TNF-a has been implicated in the pathogenesis of obesity-related diabetes, hyperlipidemia, and vascular disease, these results provide the first potentially direct pathogenetic link between leptin deficiency and the major complications of obesity. These studies also indicate that leptin plays a role in regulating proinflammatory cytokine production in normal, nonobese animals. Increased macrophage production of TNF-a, IL-6, and IL-12 is a fundamental aspect of the primitive, innate immune response to invading microorganisms (37) . Bacterial lipopolysaccharide is a potent inducer of macrophage cytokine production (14, 29, 31, 32) . The present results indicate that leptin enhances the synthesis of these proinflammatory cytokines by cultured macrophages when these cells are treated with LPS. Comparison of the cytokine response to LPS injection in rodents with and without intact leptin-dependent signaling confirms the significance of these in vitro results by demonstrating that leptin is necessary for animals to mount an optimal cytokine response when challenged with endotoxin. In summary, these studies in intact genetically obese rodents and with macrophages isolated from these animals indicate that leptin activates macrophages and induces their expression of proinflammatory cytokines. These findings indicate an important novel function for this appetite-regulating hormone: up-regulation of inflammatory immune responses.
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